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SIRT6 acts as a longevity protein in rodents1,2. However, its biological
function in primates remains largely unknown. Here we generate a
SIRT6-null cynomolgus monkey (Macaca fascicularis) model using a
CRISPR–Cas9-based approach. SIRT6-deficient monkeys die hours
after birth and exhibit severe prenatal developmental retardation.
SIRT6 loss delays neuronal differentiation by transcriptionally
activating the long non-coding RNA H19 (a developmental
repressor), and we were able to recapitulate this process in a human
neural progenitor cell differentiation system. SIRT6 deficiency
results in histone hyperacetylation at the imprinting control region
of H19, CTCF recruitment and upregulation of H19. Our results
suggest that SIRT6 is involved in regulating development in nonhuman primates, and may provide mechanistic insight into human
perinatal lethality syndrome.
To explore the roles of SIRT6 in primates, we generated a biallelic
SIRT6-null cynomolgus monkey model in a one-step procedure using
a CRISPR–Cas9 system3–5 (Extended Data Fig. 1a and Supplementary
Table 1). We initially designed six single guide RNAs (sgRNAs) that
target conserved domains in the monkey SIRT6 gene and determined
that two sgRNAs, each of which target the deacetylase domain of
SIRT6, exhibited a higher targeting efficiency (Extended Data Fig. 1a, b,
Supplementary Table 1 and Supplementary Information Guide).
Subsequently, the two SIRT6-specific sgRNAs and Cas9 mRNA were
injected into 98 monkey zygotes, and 48 embryos that developed and displayed normal morphology were transferred into 12 surrogate mothers.
Four surrogates were successfully impregnated, but only three completed the pregnancy cycle (of about 165 days), and each gave birth to
one female infant (Fig. 1a, b and Supplementary Table 1). The other
surrogate miscarried at the middle of the gestation stage and delivered
a nonviable male fetus (Supplementary Table 1).
We evaluated whether the CRISPR–Cas9 system caused mutagenesis
in the gene-modified monkeys by performing genomic DNA PCR and
Sanger sequencing. Genotyping of 15 different tissues from the three
engineered monkeys revealed compound biallelic mutations in SIRT6
gene, which suggests that highly efficient biallelic mutagenesis occurred
in the founder monkeys (Extended Data Fig. 1c–e and Supplementary
Table 1). Whole-genome DNA sequencing further confirmed the
precise targeting of the SIRT6 locus in all three monkeys, without
detectable off-target effects across the genome (Fig. 1c, Extended Data
Fig. 1f–h and Supplementary Table 2). Consistent with disruptions
in the SIRT6 gene, in all the tissues from SIRT6−/− monkeys that we
tested—which included the brain, muscle, liver, kidney, lung and skin—
the SIRT6 protein was not detected (Fig. 1d, Extended Data Fig. 2a,
Supplementary Fig. 1). In addition, the levels of histone 3 acetylated
at K56 (H3K56ac)—a major SIRT6 substrate1,6,7—were increased in
various tissues of the SIRT6-null monkeys (Fig. 1d and Extended Data
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Fig. 1 | Generation and characterization of SIRT6−/− monkeys.
a, Photographs of wild-type monkeys (left) and SIRT6−/− monkeys (right).
Scale bar, 5 cm. b, Body masses of wild-type and SIRT6−/− monkeys at
birth. Grey dashed lines represent body mass values of 2-month-old and
4-month-old wild-type fetuses (n = 6 SIRT6+/+ monkeys, n = 3 SIRT6−/−
monkeys). Horizontal lines show the average values for each group;
P values were determined by two-sided Student’s t-test. c, Sequencing of
the sgRNA-targeted regions in the SIRT6 gene, showing the coverage of
the detected SIRT6 sequences in the wild-type (grey lines) and SIRT6−/−
(blue lines) monkeys. The red line highlights the SIRT6 sequence lost in
SIRT6−/− monkey no. 2, and the red triangles highlight the deletions (left,
Δ8; right, Δ27) in SIRT6 in SIRT6−/− monkey no. 1 and monkey no. 3.
d, Western blots showing the absence of the SIRT6 protein and the
alterations in H3K9ac and H3K56ac levels in the brains and muscles of
SIRT6−/− monkeys. For uncropped gels, see Supplementary Fig. 1.
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Fig. 2 | SIRT6 deficiency results in delays in the development of the
brain and muscle. a, Schematic of the brain regions examined in our study
(top). Haematoxylin and eosin staining, and calculation of the cell density,
in cortical tissues from newborn wild-type and SIRT6−/− monkeys, and
from wild-type fetuses (bottom). The arrows identify pyramidal neurons.
Scale bar, 100 μm. b, Left, images of SATB2 immunostaining in the cortices
of SIRT6−/− and wild-type newborn, and wild-type fetal, monkeys. Right,
the proportion of SATB2+ cells in L1–L3 cortical layers was quantified in
brain sections. The blue and red lines represent different cortical layers.
L, layer. Scale bars, 200 μm. c, Haematoxylin and eosin staining (left) and
calculated cell densities (right) in muscle tissues from SIRT6−/− monkey,
and wild-type newborn and fetal gastrocnemius and soleus muscles.

Scale bar, 50 μm. d, Left, images of immunofluorescence staining for the
fast-twitch marker troponin T-FS and sarcolemma-bound dystrophin
in SIRT6−/− muscles, and wild-type newborn and fetal gastrocnemius
and soleus muscles. Right, the distribution of the different muscle fibre
types is shown as a percentage of troponin T-FS+ fibres. Scale bar, 25 μm.
In a, b, the red dashed lines show the upper boundaries of the cortices.
Grey dashed lines represent the average values for the 2-month-old and
4-month-old fetuses. White squares in b, d correspond to the enlarged area
shown below (b) or to the right (d). n = 3 slices (a, b, d) or n = 6 slices (c),
3 images per slice, >200 cells per image. Data are mean ± s.e.m., P values
were determined by one-way ANOVA followed by Holm–Sidak’s multiple
comparisons test.

Fig. 2a, b). Chromosomal variation analyses did not reveal any genomic
or epigenomic instabilities in the tissues or mesenchymal stem cells of
SIRT6-deficient monkeys (Extended Data Fig. 3a–k). Based on these
results, we concluded that the SIRT6 gene was successfully knocked out
in the monkeys using the CRISPR–Cas9-based approach.
We noticed that SIRT6-null monkeys were substantially smaller at
birth, weighing about 3.5 times less than wild-type newborn monkeys,
but were similar in size to wild-type fetal monkeys with a gestational
age of 2–4 months (Fig. 1a, b and Supplementary Table 1). Thus, the
absence of SIRT6 in the monkeys led to a whole-body developmental
delay in utero and resulted in the birth of ‘premature’ offspring that
failed to survive postnatally.
To determine whether the SIRT6-null monkeys also demonstrated
developmental retardation at the tissue level, we first characterized the
morphologies of the bone, fat, intestine epithelium, kidney, liver and
lung. Compared to those of newborn wild-type monkeys, the morphological features of the SIRT6-null monkeys phenocopied those of wildtype fetuses—that is, lower bone density, the absence of subcutaneous
fat, the appearance of immature intestine epithelium and higher cell
density in various tissues (Extended Data Fig. 4a–f).
Brain and skeletal muscle are important organs that relate to energy
and metabolic regulation. Compared with those of newborn wildtype monkeys, the brains of SIRT6−/− monkeys were smaller and
displayed thinner cortical layers in the cerebral and cerebellar hemispheres, resembling their wild-type fetal counterparts (Extended Data
Figs. 5a–f, 6a–h). The brains of newborn SIRT6−/− monkeys were also
very similar to those of wild-type fetuses in terms of packing density,
neuronal composition and layering of the cerebral cortex (Fig. 2a, b
and Extended Data Figs. 5c, d, 6c, d), which may be related to the
presence of immature HOPX+ outer-radial glia cells and a greater
number of PAX6+ neural progenitor cells (NPCs) in the brains of

SIRT6−/− monkeys (Extended Data Figs. 5e,6e, f). Based on these data,
it appears that SIRT6 may function as a mediator of neural progenitor
differentiation during monkey brain development, and that the absence
of SIRT6 delays neuronal maturation.
The muscle fibres in the SIRT6−/− monkeys and wild-type fetuses
displayed a similar density and size, and both differed from those of the
muscles of newborn wild-type monkeys (Fig. 2c and Extended Data
Fig. 7a). Wild-type muscle contained slow- and fast-twitch fibres, each
of which exhibited distinct contractile and metabolic characteristics8
(Fig. 2d and Extended Data Fig. 7b–d), whereas muscles from the
SIRT6−/− monkeys mostly contained fast-twitch fibres that expressed
a ubiquitous ATPase isoform and exhibited a high proportion of
immature mitochondria, similar to the condition in fetal myoblasts8
(Fig. 2d and Extended Data Fig. 7b–d). These observations further
support the hypothesis that an absence of SIRT6 results in the
developmental delay of many different tissues in monkeys.
To assess whether SIRT6−/− monkeys sustain embryonic features
at the transcriptome level, we performed RNA sequencing and compared the transcriptional profiles of the SIRT6−/− monkeys with those
of wild-type monkey fetuses. According to the principal component
analysis, RNA profiling in the brains and muscles of the SIRT6-null
monkeys closely correlated with RNA profiling in wild-type fetal
brains and muscles; by contrast, brains and muscles of SIRT6-null
monkeys exhibited a weaker correlation with the transcriptomic pattern in the corresponding tissues from wild-type newborns (Extended
Data Fig. 8a). Consistent with these findings, a closer correlation was
also observed between the global DNA methylation signatures of the
brains of SIRT6−/− newborns and of wild-type fetal brains (Extended
Data Fig. 8b). Thus, the molecular developmental stage of the
SIRT6−/− monkeys mimics that of wild-type fetuses at 2–4 months of
gestational age.
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Fig. 3 | SIRT6 deficiency resulted in a developmental retardation at the
transcriptome level. a, Heat map showing the differentially expressed
genes in each organ from the SIRT6−/− and SIRT6+/+ monkeys. The
differentially expressed genes are coloured red, and genes that were not
differentially expressed are depicted in light grey. The number of organs
or tissues in which a gene was differentially expressed is shown in the
left column. The enriched Gene Ontology terms for gene sets that were
differentially expressed in at least four organs are shown; differentially
expressed genes that were specifically expressed in the brain or muscle
tissues are shown on the right. b, Scatter plots showing the top 200
variational developmental related genes used for the principal component
analyses. Among these genes, differentially expressed genes (fold change
(SIRT6−/−/SIRT6+/+) > 1.5, false-discovery-rate-adjusted P < 0.05)
between wild-type and SIRT6-null brain and muscle are coloured red. The
P value was calculated using Cuffdiff, through a one-sided t-test based
on the Jensen–Shannon metric, under the null hypothesis of no change
in relative abundances of genes. c, Heat maps showing normalized levels
of H19 expression in different samples. The average transcript levels in
tissues from SIRT6+/+ monkey no. 1, monkey no. 2 and monkey no. 3 were
normalized to 1, and the relative expression level of H19 in each tissue was
coloured as shown.

To characterize the molecular mechanisms that underlie the
way in which SIRT6 deficiency causes pan-tissue developmental
retardation in monkeys, we compared genome-wide RNA expression
profiles in seven organs from the SIRT6−/− and wild-type newborn
monkeys (Extended Data Fig. 8c–e and Supplementary Table 3). We
identified 11,001 genes that were differentially expressed in at least one
organ from the SIRT6−/− and wild-type newborn monkeys. Among
the differentially expressed genes, 1,026 were identified in at least
4 different organs. These genes are involved in aerobic respirationrelated processes, such as the tricarboxylic acid cycle and the respiratory
electron transport chain (Fig. 3a). These observations are consistent
with previous reports that mice deficient in SIRT6 exhibit alterations
in glucose and energy metabolism, and with our observation that the

muscle cells of the SIRT6−/− monkeys contain immature mitochondria1,6,9,10 (Extended Data Fig. 7d).
Among the differentially expressed genes, the long non-coding RNA
H19 was one of the most upregulated genes and was expressed in the
brain at levels that were approximately 27.5-fold higher in SIRT6−/−
monkeys than in wild-type monkeys (Fig. 3b, c, Extended Data Fig. 8f
and Supplementary Table 3). Consistent with the phenotypes, we also
observed a higher level of the H19 transcript in wild-type fetal monkeys
than in their postnatal counterparts (Extended Data Fig. 8f). H19 is a
maternally expressed imprinted gene that regulates fetal development
and has an integral role in the development of many tissues, including
the brain11–13. Importantly, excessive expression of H19 in humans is
linked to Silver–Russell dwarfism, a development retardation disorder
characterized by intrauterine growth restriction12,13. All these observations suggest that aberrant upregulation of H19 may contribute to the
developmental defects observed in SIRT6−/− monkeys.
To further probe the roles of SIRT6 in the brain and its conservation
between monkey and human, we generated SIRT6-null human embryonic stem cells by a TALEN-mediated gene-editing procedure and
then differentiated them into NPCs14,15 (Extended Data Fig. 9a). Both
types of NPCs expressed the typical neural progenitor-specific markers
PAX6, SOX2 and nestin, with no discernible differences in cell-cycle
kinetics (Extended Data Fig. 9b–e). However, SIRT6−/− NPCs displayed
delayed neuronal differentiation (Fig. 4a). After two weeks of neuronal
induction, PAX6, SOX2 and nestin were still expressed at higher levels
in SIRT6−/− cells than in wild-type cells (Fig. 4b). Furthermore, H19
transcripts were more abundant in the human SIRT6-null neural cells
than in wild-type cells (Fig. 4b), consistent with observations from
the SIRT6-deficient monkey brain. Thus, we recapitulated SIRT6dependent primate neuronal development using the in vitro human
neuronal differentiation system.
We therefore investigated whether H19 expression is directly
controlled by SIRT6 using chromatin immunoprecipitation (ChIP)
followed by quantitative real-time PCR (qPCR). We observed an
enrichment of SIRT6 at the imprinting control region—located
upstream of H19 in the wild-type neuronal derivatives—but less enrichment was observed in wild-type NPCs (Fig. 4c). SIRT6 specifically
bound to this region, as SIRT6 did not bind to adjacent loci (Fig. 4c
and Supplementary Table 4).
Consistent with the increase in H3K56ac levels in the brains of
the SIRT6-null monkeys and the wild-type fetuses, higher levels of
H3K56ac were detected in the human SIRT6−/− NPCs and neuronal
derivatives (Extended Data Fig. 9e–g). Based on these results, we then
investigated how the SIRT6–H3K56ac–H19 axis regulates neuronal differentiation. In the absence of SIRT6, the imprinting control region of
H19 is occupied by more H3K56ac (Fig. 4d) and is accompanied by the
recruitment of more CTCF—a trans-activator of H19 transcription—to
that region11,16–18 (Extended Data Fig. 9h). Ectopic overexpression of
H3(K56Q), an H3K56 acetylation-mimic mutant14, in wild-type neural
cells increased H19 transcription and repressed neuronal differentiation (Extended Data Fig. 9i, j). Wild-type SIRT6, but not its catalytically inactive mutant (SIRT6(H133Y)), effectively rescued the changes
in the levels of H3K56ac and H19 in SIRT6-deficient cells (Extended
Data Fig. 9i, k). Consistent with these findings, wild-type NPCs that
overexpressed H19 also displayed impaired neuronal differentiation
(Fig. 4e and Extended Data Fig. 9l). By contrast, knockdown of H19
in SIRT6−/− NPCs improved the neuronal differentiation efficiency
(Extended Data Fig. 9m). These findings supported the hypothesis that
active H19 is critical for maintaining the immature status of the SIRT6null monkey brain.
In summary, our results not only highlight the possibility of generating genetically engineered monkeys that lack the longevity protein
SIRT6 across tissues, but also point to the fact that SIRT6 deficiency
results in global developmental delay in utero (Extended Data Fig. 10).
Our study indicates that SIRT6 functions as a mediator of primate brain
development by repressing the expression of H19 long non-coding
RNA in a trans manner, a finding that adds to the complexity of SIRT6
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a, Neuronal differentiation in wild-type and SIRT6−/− NPCs. Left, images
of immunostaining for the neuronal markers MAP2 and TuJ1. Right,
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the enrichment of SIRT6 at the imprinted control and adjacent control
regions of H19. n = 4 wells per condition. d, ChIP–qPCR assessment of
the enrichment of H3K56ac at the imprinted control region of H19. n = 4
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biology19,20. Supporting our discovery, a loss-of-function mutation
(D63H) of SIRT6 in humans was recently reported to cause late fetal
loss with intrauterine growth restriction20. Notably, human induced
pluripotent stem cells derived from SIRT6(D63H) homozygous
fetuses fail to differentiate into NPCs20. The more severe phenotypes
of SIRT6(D63H) fetuses and induced pluripotent stem cells may be
attributed to the dominant negative effect of the SIRT6(D63H) mutant.
The genetic monkey model presented here may open a new avenue
through which to model and study the pathogenesis of human perinatal
lethality syndrome.
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Methods

No statistical methods were used to predetermine sample size. The experiments
were not randomized and investigators were not blinded to allocation during
experiments and outcome assessment.
Animals. All of the animal experiments were performed under the ethical guidelines of the Institute of Zoology, Chinese Academy of Sciences. Procedures using
cynomolgus monkeys were approved by the Institutional Animal Care and Use
Committee of Institute of Zoology, Chinese Academy of Sciences. All animals
were housed at Beijing Institute of Xieerxin Biology Resource with accreditation
of Laboratory Animal Care accredited facility. Detailed information regarding the
animals used in this study is included in Supplementary Table 1.
Oocyte recovery and embryo culture. The seven oocyte donors each received
an intramuscular injection of recombinant human follitropin-alpha (GONAL-F,
Merck Serono) twice daily for 8 days beginning on days 1–3 of their menstrual
cycle. On day 9, the animals received an injection of recombinant human chorionic gonadotropin-alpha (OVIDREL, Merck Serono), and oocytes were aspirated
laparoscopically 32 to 35 h later21,22. The recovered MII-stage oocytes containing
the first polar body were placed in hamster embryo culture medium 10 (HECM10) before intracytoplasmic sperm injection, after which the fertilized embryos
were each cultured in 50 μl of HECM-10 containing 10% (v/v) fetal bovine serum.
sgRNA and DNA plasmid construction. Six sgRNAs with different sequences
that target conserved domains in SIRT6 exon 5 (2 sgRNAs), exon 7 (1 sgRNA) or
exon 8 (3 sgRNAs) were designed using established protocols23,24. Each synthetic
24-bp oligonucleotide containing a 20-bp spacer sequence and a 4-bp overhang
that had been annealed to form a duplex was cloned into the pUC19-U6-sgRNA
scaffold at the BbsI site.
The full-length H19 long non-coding RNA was synthesized and cloned into a
pHIV lentiviral vector (BGI). The lentiviral expression vectors were generated by
cloning the respective cDNA into the PLE4 vector (a gift from T. Hishida). For the
construction of the lentivirus vectors expressing the short hairpin RNA targeting
H19 (Supplementary Table 4), the corresponding short hairpin RNA oligonucleotides were inserted into the multiple cloning site of pLVTHM (Addgene, 12247).
Lentivirus particles were produced in transfected HEK293T cells and used to
transduce NPCs in the presence of 10 μM ROCK inhibitor and 4 μg/ml polybrene.
Targeting efficiencies of the sgRNAs. For each sgRNA, a Cas9 plasmid (3 μg)
and one sgRNA plasmid (2 μg) were transfected into monkey Vero cells. Cells that
were positive for green fluorescent protein were sorted by FACS 48 to 72 h later
(Beckman Coulter, MoFlo XDP). The transfection efficiency of each sgRNA was
determined by PCR and a T7 endonuclease I assay, followed by Sanger sequencing.
Generation of SIRT6−/− monkeys. The RNAs used for microinjection were transcribed in vitro. The Cas9 mRNA and sgRNA were transcribed in vitro using reagents from the HiScribe T7 High Yield RNA Synthesis kit (NEB) according to the
manufacturer’s instructions. The m7G(5′)ppp(5′)G RNA Cap Structure Analogue
reagent was used to cap the in vitro transcribed Cas9 mRNA. After the capping
reaction, Escherichia coli poly(A) polymerase (NEB) was used to add a 3′-poly(A)
tail, which stabilized the Cas9 mRNA. The transcribed Cas9 mRNA and the sgRNAs were purified using MicroElute RNA kit reagents (Omega).
Ninety-eight zygotes, each with a clear pronucleus, were selected for intracytoplasmic injection. Under a Leica standard microinjection system, a programmable
microinjector (Femto Jet, Eppendorf) injected 4 pl of a solution containing the
transcribed RNAs into each zygote, which were then cultured in HECM-10 supplemented with 10% (v/v) fetal calf serum until their transfer into the surrogate
mothers. Forty-eight high-quality embryos at the 2- to 16-cell stages were transferred into the oviducts of the 12 matched recipient monkeys, with 3–5 embryos
transferred per surrogate. The earliest stage of pregnancy, as defined by fetal cardiac
activity and the presence of a yolk sac, was detected by ultrasonography between
day 20 and 30 after embryo transfer.
Genotyping and sequencing. Genomic DNA was extracted from organs, including
the brain, muscle, heart, liver and lung, from wild-type and SIRT6-null monkeys.
Then, the targeted fragments of the SIRT6 gene were amplified using PrimerSTAR
polymerase (TaKaRa) with the primers shown in Supplementary Table 4. The
amplified fragments were subcloned into pEASY-Blunt (TransGen) for sequencing.
Western blotting. Monkey tissues were homogenized in liquid nitrogen, and
proteins extracted with TRIzol reagent (Invitrogen). Western blotting was performed using previously described methods15. Protein concentrations were quantified using a BCA kit. Proteins (20 μg per lane) were electrophoresed through an
SDS–PAGE gel and subsequently electro-transferred to a polyvinylidene fluoride
membrane (Millipore). Antibodies used in the present study were anti-SIRT6
(Cell Signaling Technology, 12486, 1:1,000 dilution), anti-H3K56ac (Abcam,
ab76307, 1:5,000 dilution), anti-H3K9ac (Millipore, 06-942, 1:1,000 dilution),
anti-H3K9me3 (Abcam, ab8896, 1:2,000 dilution), anti-HP1α (Cell Signaling
Technology, 2616, 1:2,000 dilution), anti-H3 (Santa Cruz Biotechnology, sc-10809,
1:1,000 dilution), anti-Flag (Sigma, F2555, 1:5,000 dilution) and anti-GAPDH
(Abcam, ab9485, 1:5,000 dilution). Secondary antibodies from CST were used to

visualize the proteins. All the raw data of the blots are provided in Supplementary
Fig. 1.
qPCR. Total RNA was extracted with TRIzol reagent, according to the manufacturer’s instructions. For cDNA synthesis, 2 μg of total RNA was reverse transcribed
with Reverse Transcription Master Mix (Promega). qPCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad), according to the manufacturer’s
instructions. The expression of cDNAs in each sample was normalized to GAPDH.
Telomere lengths were determined by qPCR25. Primer sequences for the experiment are listed in Supplementary Table 4.
DNA extraction, library construction and sequencing. Genomic DNA
was extracted from the cortices of the SIRT6−/− and wild-type monkeys using
the DNeasy Blood & Tissue kit (Qiagen), according to the manufacturer’s
instructions. DNA was randomly fragmented into ~500 bp lengths using a Covaris
ultrasonic processor. Fragmented DNA was ligated with DNA adaptors (Illumina)
and amplified using Illumina paired-end PCR primers. DNA libraries were quantified using a Qubit 2.0 Fluorometer (Life Technologies) and analysed using an
Agilent Bioanalyzer 2100 to determine the insert sizes of the fragments in the
libraries. The library of fragments was sequenced on an Illumina HiSeq X Ten
platform.
Bioinformatics analyses of single nucleotide variants, copy-number variations
and repeated sequences. The resequenced reads of the SIRT6−/− and wild-type
DNA samples were mapped to the M. fascicularis reference genome (macFas5)
using a Burrows–Wheeler Aligner (BWA, version 0.7.15). Duplicate reads were
removed and the uniquely mapped reads were retained for the copy-number variation (CNV) analysis, in which chromosomal sequences were placed into bins
of 500 kb in length. The normalized coverage depth for each bin was calculated
by dividing the raw coverage depth by the average sequencing depth. The repeat
regions annotated for M. fascicularis by RepeatMasker (db20140131) (http://www.
repeatmasker.org) were removed from the genomic sequence before calculating
the coverage. The CNV scatterplot was drawn using ggplot2. The read coverage of
SIRT6 genome region is shown in Fig. 1c and produced by IGV (version 2.3.88)26.
For the single nucleotide variants (SNV) analysis, the read base sites with an
incorrect base probability >0.001 were replaced with an N. The base distribution for each chromosomal location was calculated using the pysamstats (version
1.0.0) (https://github.com/alimanfoo/pysamstats). Owing to the poor quality of
the monkey chromosome assembly, only the masked chromosome segments conserved between the human (hg19) and the monkey (macFas5) were used for the
SNV analysis. The predominantly proportional base in each site was used as the
reference base to avoid including unannotated single nucleotide polymorphisms
(SNPs). The heterozygosity of each site was calculated as the depth of the enriched
second base divided by the reference base depth. The base heterozygosity defined
a SNP site. A site with a heterozygosity percentage >0% and <30% was defined as
an SNV site induced by random mutation.
For the repeat-sequence analysis, Repbase (v.21.11) annotated repeat sequences
were used to construct the reference sequence index. Reads were mapped to the
indexed repeat sequences, and the mapped reads were grouped into long or short
interspersed elements (LINEs or SINEs, respectively), long terminal repeats (LTRs),
ribosomal RNAs (rRNAs) and other types of repeats. The number of reads mapped
to each type of repeat was normalized to the total sequencing depth.
Off-target site assay. The whole-genome sequencing data were used to analyse
off-target CRISPR–Cas9 editing. As previously described27, the whole-genome
sequencing data were mapped to macFas5 genome by BWA (version 0.7.15) using
‘mem’ mode with default parameters. The mapped reads with unique genome
location were used for the indel identification. The reads in mapped .sam files with
CIGAR value ‘D’, ‘I’ or ‘N’ were considered as potential indel-containing reads.
Pysamstats (version 1.0.0) under default settings was used to extract these potential
indel sites with two reads supporting and no less than 10× coverage for the next
analysis. First, the sites existing in one of the wild-type genomic sequencing datasets were removed. Next, candidate indels located in repeats and low-complexity
regions annotated by RepeatMasker (db20140131) were filtered. The homologous
sites annotated as indel-type SNPs in humans and mice were also discarded. Then,
if one homopolymer larger than 5 bp or two 4-bp homopolymers as well as three
3-bp homopolymers were present in regions located near the indel site (30 bp each,
up and downstream of the indel site), the indel was also discarded. In the same
region, the unannotated low-complexity regions with a single same base content
>40% were also removed. Finally, regardless of the similarity to sgRNA sequences,
the indel sites located within the protein-coding regions of genes annotated in the
Ensembl genome database were considered as possible functional sites. Thus, 14,
16 and 6 indel sites were identified in the three SIRT6−/− samples, respectively.
No overlapping sites were identified in all three samples, as shown in Extended
Data Fig. 1h.
Simultaneously, all potential off-target sites with homology to the 20-bp
sequences (sgRNA plus protospacer adjacent motif (PAM) sequences) were
retrieved from the M. fascicularis genome (macFas5). Possible off-target sites
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with no more than five mismatched sites were identified using Cas-OFFinder28.
In addition, 3,891 possible off-target regions were identified, including 983 sites
without NAG or NGG PAM sequences. None of these regions contained indel sites
identified by genomic sequencing, even within the non-coding sequence (CDS)
regions, such as introns, untranslated regions (UTRs) or intergenic regions. The
sequencing read coverage for the possible off-target sites in the CDS region were
also checked, as shown in Extended Data Fig. 1g. The genomic sequencing read
coverage for the possible off-target regions (10-bp up- and downstream, as well as
the 20-bp homology region) was calculated for all three SIRT6−/− and wild-type
samples. The score for each site of all regions was calculated as −log2((coverage
in SIRT6−/− sample)/(average coverage in three wild-type samples)). The highest
site scores for the region were used as the region score, as shown in Extended
Data Fig. 1g. The results did not reveal notable sequencing coverage changes in
these regions, consistent with the indel results. For the two injected sgRNAs that
target SIRT6, we predicted four and three possible off-target sites in CDS regions
of all annotated genes. Then, we used the resequenced genomic data to identify
single-base mutations, insertions or deletions in these sites.
Karyotyping analysis and fluorescence in situ hybridization. A standard
G-banding analysis and fluorescence in situ hybridization were performed on
spread chromosomes using previously published protocols29.
RNA-seq library construction and data analysis. Total RNA was extracted
using TRIzol reagent, as described above, and purified using an RNeasy Mini kit
(Qiagen), according to the manufacturer’s instructions. After quantification on
a Fragment Analyzer (Advanced Analytical), RNA (1.5 μg) and a TruSeq RNA
Sample Preparation kit (Illumina) were used to construct the sequencing libraries
according to the manufacturer’s standard protocol. Libraries were sequenced
on an Illumina platform (HiSeq X Ten). Clean reads were mapped to the
macFas5 genome using HISAT version 0.1.6-beta30. Each read with a unique
genomic location in the bam format was retained for a gene expression
calculation using Cufflinks (version 2.0.2) with the option ‘–GTF’31. The gene
annotation was downloaded from NCBI (GCF_000364345.1), and only exon
annotations for mRNAs and other non-coding RNAs were used. Genes with at
least 1 fragment per kilobase of exon per million fragments mapped (FPKM)
in at least 1 sample were used to analyse the differentially expressed genes (fold
change (SIRT6−/−/SIRT6+/+) > 1.5, false-discovery-rate-adjusted P < 0.05). Gene
Ontology terms for the differentially expressed genes were assigned by DAVID
(version 6.7), and biological processes were selected based on P values <0.05.
Figures were produced using ggplot2 (version 2.2.1)32,33. The three criteria used
to confirm our differentially expressed genes results were reliable. First, the P value
was calculated by Cuffdiff on the basis of the square root of the Jensen–Shannon
divergence to evaluate the difference compared to corresponding wild-type samples34. Second, for P values less than 0.05, we also set a stricter FDR of less than 0.05
by performing multiple tests to reduce the chance of type I errors when testing the
null hypothesis. Third, only genes with no less than 1 FPKM in at least 1 sample
were used to analyse the differentially expressed genes and avoid false positive
results produced by genes expressed at low levels.
The top 200 variational developmental (GO:0032502) related genes that were
ranked by standard deviation among all brain and muscle samples were used for
the principal component analysis. All expressed genes (no less than 1 FPKM in
at least 1 sample) were used for t-distributed stochastic neighbour embedding
(t-SNE) analysis. The principal component analysis and the t-SNE analyses were
performed using prcomp (basic function in R version 3.2.5) and Rtsne (version
0.11) function in the R package, respectively. The heat maps and other related
figures were produced using heatmap.2 (function in package gplots version 3.0.1)
or ggplot2 (version 2.2.1), respectively.
Whole-genome bisulfite sequencing. Genomic DNA from tissues and cells
was used to construct the library according to the Illumina protocol, with minor
modifications. Unmethylated lambda-DNA (Promega) was spiked into the lysis
buffer to track the efficiency of bisulfite conversion. Bisulfite conversion of the
adaptor-ligated DNA fragments was performed using the EZ DNA MethylationGold Kit (Zymo Research) according to the manufacturer’s protocol. Sequencing
libraries were prepared using KAPA HiFi HotStart Uracil + ReadyMix (2×) and
were sequenced on the HiSeq X Ten platform (sequenced by Novogene). Raw
sequences obtained from whole-genome bisulfite sequencing were examined for
quality and the bisulfite conversion rate. Subsequently, all monkey tissues were
analysed using the same pipeline. In brief, the sequencing reads were trimmed by
Trim Galore (version 0.4.2) (Babraham Bioinformatics) and mapped to the monkey
(macFas5) using Bismark v.0.13.1 (Babraham Bioinformatics). The methylation
levels of covered cytosine sites were calculated by dividing the number of reported
C sites by the total number of reported C and T sites. CpG sites covered by more
than ten reads in monkeys were used for the analysis. The cluster analysis of global
DNA methylation in monkey brain samples was performed on the promoter region
(2-kb upstream and 1-kb downstream of the TSS site) of 1,607 development-related
genes, which predominantly contributed to the observed differences in expression

among SIRT6+/+ newborn monkeys and SIRT6−/− monkeys in the RNA sequencing analysis. Only CpG sites displaying variations in the methylation level greater
than 50 among the samples were used for the cluster analysis. The cluster analysis
was performed using the cluster function in R.
Histology and immunofluorescence staining. For the histological analysis, tissues
such as the brains, muscles and kidney were collected, fixed with paraformaldehyde and embedded in paraffin. Paraffin-embedded tissue sections were stained
with haematoxylin and eosin or used for immunohistochemistry according to
standard methods35. Left hemispheres of each brain were stored in liquid nitrogen
for further analysis, and right hemispheres were fixed and sectioned into frozen
sagittal slices (SIRT6+/+(no. 1) and SIRT6−/−(no. 1)) or paraffin coronal slices
(SIRT6+/+ (no. 2/no. 3) and SIRT6−/−(no. 2/no. 3)), according to the expertise
of the neuropathologists. For immunohistochemistry, paraffin-embedded tissue
sections were subjected to a heat-mediated antigen retrieval procedure, and
then endogenous peroxidases were blocked with the Vector Laboratories Bloxall
dual-enzyme blocking solution. Next, tissue sections were incubated with a
primary antibody overnight. Finally, the appropriate ImmPRESS Reagent (Vector
Laboratories) was added to the sections, which were then incubated for 30 min.
Antigen-positive cells were visualized using the ImmPACT DAB Substrate kit
(Vector Laboratories). Primary antibodies included: anti-H3K56ac (Abcam,
ab76307, 1:1,500 dilution), anti-SATB2 (Abcam, ab92446, 1:250 dilution), antiNeuN (Millipore, MAB377, 1:200 dilution), anti-PAX6 (COVANCE, PRB-278P,
1:200 dilution), anti-PCP2 (Santa Cruz Biotechnology, sc-137064, 1:200 dilution),
anti-BRN2 (Santa Cruz Biotechnology, sc-6029, 1:200 dilution), and anti-HOPX
(Santa Cruz Biotechnology, sc-30216, 1:200 dilution). For each antibody, negative staining with IgG controls was performed to ensure specificity. Images were
captured using a Vectra Automated Quantitative Pathology Imaging System
(Perkin Elmer) or an Olympus DP72 microscope. For the quantification of
neurons, brains were dissected and the slices with lateral geniculate nucleus—
as defined by a certified pathologist—were stained with haematoxylin and
eosin. HOPX+ and SATB2+ neurons were counted in the cortex, PAX6+ NPCs
were counted in the hippocampus and PCP2+ neurons were counted in the
cerebellum.
For ATPase staining, gastrocnemius and soleus muscles were snap-frozen in
liquid nitrogen, cryosectioned and stained for ATPase activity using a standard
procedure36. Slow-twitch fibres were lightly stained at pH 10.6 and intensely stained
at pH 4.4. Fast-twitch fibres were intensely stained at pH 10.6 and lightly stained
at pH 4.4. The numbers of positively stained fibres were counted and reported as
a percentage of the total number of fibres.
Immunofluorescence staining was performed as previously described35. Muscles
were frozen and sectioned into slices using a freezing microtome (Leica). Frozen
sections of brain or cultured cells were fixed with 4% paraformaldehyde and were
subjected to immunofluorescence staining using an established protocol35. The
primary antibodies were anti-troponin T-FS (Santa Cruz Biotechnology, sc-166663,
1:200 dilution), anti-dystrophin (Abcam, ab15277, 1:200 dilution), anti-myosinslow (Sigma, M8421, 1:200 dilution), anti-H3K56ac (Abcam, ab76307, 1:1,000
dilution), anti-MAP2 (Sigma, M4403, 1:500 dilution), anti-TuJ1 (Sigma, T8578,
1:500 dilution), anti-Ki67 (Vector Laboratories, VP-RM04, 1:500 dilution), antiSOX2 (Santa Cruz Biotechnology, sc-17320, 1:200 dilution), anti-nestin (Millipore,
MAP5326, 1:500 dilution), and anti-PAX6 (COVANCE, PRB-278P, 1:200 dilution).
Images were visualized and photographed using a Leica SP5 confocal microscope.
Quantitative analyses were performed on more than 200 randomly selected cells
from each sample using ImageJ software.
For the images of histological and immunofluorescence staining, brain sections
from wild-type and SIRT6-null monkeys were subjected to serial slicing, and one
slice every ~100 or ~50 slices was stained, and at least three different tissue layers
were characterized and quantified in each group.
Bone mineral density measurements. Bone mineral density was measured using
a Quantum FX microCT system (Perkin Elmer).
Cell culture. H9 human embryonic stem cells (WiCell Research) and their
SIRT6-null derivatives were maintained on mitomycin-C-treated mouse embryonic fibroblasts in human embryonic stem cell medium or on Matrigel-coated
plates (BD Biosciences) in mTeSR medium (STEMCELL Technology). The
embryonic stem cell medium contained DMEM/F12 (Invitrogen) supplemented
with 20% (v/v) Knockout Serum Replacement (Invitrogen), 1 × non-essential
amino acids (Invitrogen), 1 × GlutaMAX (Invitrogen), 55 μM β-mercaptoethanol
(Invitrogen) and 10 ng/ml bFGF (Joint Protein Central). HEK 293T cells were
maintained in high-glucose DMEM (Invitrogen) supplemented with 10% (v/v)
FBS. Mesenchymal stem cells were successfully isolated from the bone marrow
of monkey no. 2 and no. 3, purified by FACS sorting (CD73 and CD105
double positive), and cultured in 90% α-MEM + 10% FBS (Gibco) supplemented
with Glutmax (Gibco), 1% penicillin/streptomycin (Gibco) and 1 ng/ml FGF2
(Joint Protein Central). 293T was authenticated by ATCC. H9 human embryonic
stem cells were authenticated by WiCell. The properties of all stem cells were
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authenticated by karyotyping. All cell lines tested negative for mycoplasma
contamination.
Generating NPCs from embryonic stem cells. NPC induction was performed
as previously described15. In brief, embryonic stem cells were cultured on mouse
embryonic fibroblasts, and when they reached 70–80% confluence, cells were incubated with neural differentiation medium-1 composed of 50% (v/V) advanced
DMEM/F12 (Invitrogen), 50% (v/V) Neurobasal medium (Invitrogen), 1 × N2
supplement (Invitrogen), 1 × B27 supplement (Invitrogen), 1 × GlutaMAX,
10 ng/ml hLIF (Millipore), 2 μM dorsomorphin, 3 μM SB431542 (Tocris), 4 μM
CHIR99021 (Stemgent) and 0.1 μM compound E (EMD Chemicals). After
2 days, the medium was replaced with fresh medium, and cells were cultured for
an additional 5 days. Cultures were then dissociated into single cells with Accumax
(Innovative Cell Technologies), transferred to Matrigel-coated plates, and maintained in Neural Progenitor Cell Maintenance Medium (50% (v/v) advanced
DMEM/F12, 50% (v/v) Neurobasal medium, 1 × N2 supplement, 1 × B27 supplement, 2 mM GlutaMAX, 10 ng/ml hLIF, 2 μM SB431542 and 3 μM CHIR99021).
Neuronal differentiation. NPCs (5,000 per well) were cultured on Matrigelcoated 24-well plates for 3 days and then neuronal differentiation was induced by
incubating cells in DMEM/F12 medium containing 1 × N2 supplement, 1 × B27
supplement, 200 μM ascorbic acid (Sigma), 400 μM dbcAMP (Sigma), 10 ng/ml
GDNF (Peprotech) and 10 ng/ml BDNF (Peprotech). Laminin (Sigma) was added
to the cultures after 2 days to facilitate differentiation. Cells were maintained in the
aforementioned medium for 14 days and then immunostained for the neuronal
markers MAP2 and TuJ1.
ChIP. ChIP was performed as previously described25, with minor modifications.
In brief, cells were cross-linked with 1% w/v formaldehyde (Sigma) for 10 min at
room temperature, and then the crosslinking was quenched by incubating the cells
with 125 mM glycine for 5 min at room temperature. Next, 2 × 106 cells were lysed
in buffer containing 50 mM Tris-HCl, 10 mM EDTA and 1% (w/v) SDS, pH 8.0,
and the chromatin from the cells was sheared using a Covaris S2 instrument.
Chromatin was then incubated overnight (12–16 h) with samples of protein A
Dynabeads bound to 2.4 μg of anti-SIRT6 (CST, 12486), 1.2 μg of anti-H3K56ac
(Abcam, ab76307) or 2.4 μg of anti-CTCF (Millipore, 07-729) antibodies. An equal
amount of rabbit IgG (CST) was used as the negative control. Antibody-tagged
chromatin was eluted with 20 mM Tris-HCl, 5 mM EDTA and 50 mM NaCl,
pH 7.5, and then incubated with proteinase K on a thermomixer at 1,300 rpm
for 2 h to obtain the DNA of interest. Next, the DNA was purified by phenolchloroform-isoamyl alcohol extraction, precipitated with ethanol, and subjected to
qPCR with the appropriate primers on the imprinting control region or adjacent
loci (Supplementary Table 4). Primers for the imprinting control region of H19
(1977613–1977821, NCBI Build 36) and adjacent control loci on chromosome 11
were designed according to previous studies37,38.
Statistical analysis. Data were analysed using two-tailed Student’s t-tests and are
presented as means ± standard errors of the means. For multiple comparisons, the
P value was calculated using GraphPad Prism software by two-way ANOVA or
one-way ANOVA, followed by the recommended Holm–Sidak method. Cell density was determined by counting the nuclei per unit area, the cortical thickness and
the diameters of HOPX+ and PCP2+ cells were measured using ImageJ software.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Generation and genotyping of SIRT6−/−
monkeys. a, Schematic showing the optimization of the CRISPR–Cas9based targeting system for SIRT6 in monkeys. b, T7 endonuclease I assay
for determining the indel rates of the six sgRNAs that target the monkey
SIRT6 gene. The white arrows indicate the cleavage bands. M, marker.
c, Schematic of the mosaic mutations in the SIRT6 loci. The red blocks
identify the nucleotide sequences deleted in the SIRT6 gene. E, exon.
d, Types of deletions identified by Sanger sequencing of the PCR-amplified
SIRT6 cDNA from organs of the three SIRT6−/− monkeys. e, PCR of the
SIRT6 gene from the wild-type and SIRT6−/− monkey genomes using
primer pairs P1 and P2 or P3 and P4 (Supplementary Table 4). PCRs of
the p53 locus were used as a control. f, Whole-genome sequencing data
did not reveal mutations in the potential off-target sites predicted on the

basis of sequences similar to the sgRNA sequence. The presumed PAM
sequences and genomic locations of these sites are shown. g, Scatter plots
showing the coverage scores for targeting sites within the SIRT6 gene and
predicted potential off-target sites for the two sgRNAs. Three hundred and
seventy-four predicted potential off-target sites and two SIRT6 sgRNAtarget sequences located in the CDS regions are presented. The methods
for calculating the coverage score are described in Methods. h, Venn
diagram showing the lack of consistency of mutations in CDS regions
detected by whole-genome sequencing among all three SIRT6−/− monkey
samples. All the possible off-target sites were identified by whole-genome
sequencing regardless of the similarity to sgRNA sequences, as described
in Methods.
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Extended Data Fig. 2 | Characterization of SIRT6−/− monkeys.
a, Western blots showing the absence of the SIRT6 protein and the
alterations in H3K56ac levels in the kidney, lung, liver and skin of
SIRT6−/− monkeys. b, Immunohistochemical staining for H3K56ac in
tissues from SIRT6−/− and wild-type monkeys. The red dashed lines show

the upper boundaries of the cortices. Scale bar, 100 μm. n ≥ 54 glomeruli,
kidney; n = 18 images, lung; n = 18 images, liver; n = 18 images, skin; n = 9
images, brain. Data are mean ± s.e.m.; P values were determined by oneway ANOVA followed by Holm–Sidak’s multiple comparisons test. For
uncropped gels, see Supplementary Fig. 1.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | SIRT6 deficiency does not cause genomic and
epigenomic instabilities in newborn monkeys. a, b, The relative telomere
lengths of chromosomes from the monkey brain and liver were measured
by qPCR. n = 3 monkeys. c, Whole-genome sequencing of copy number
variations in brain samples from SIRT6+/+ and SIRT6−/− monkeys. Each
point represents a 500-kb genomic region of each chromosome. d, The
distribution of different types of repetitive sequences in the monkey
genome. Each type of repeat is marked in the same colour: LINE type
1 (LINE-1), SINEs, LTRs (including ERV1, ERV2, EVR3 and other
types of LTR), rRNAs and other types of repeat (such as satellite, small
nuclear RNA and ‘other’, as annotated in Repbase). The distributions
of repeat reads were not significantly different in the wild-type and
SIRT6−/− monkeys, according to the two sided Wilcoxon signed-rank
paired test. e, Whole-genome sequencing of SNVs using cortical samples
from SIRT6+/+ and SIRT6−/− monkeys. Sites with a heterozygosity
percentage ranging between 0% and 30% were considered as SNV sites,
whereas sites with a heterozygosity of >30% were considered single

nucleotide polymorphisms. f, Schematic and morphology of primary
mesenchymal stem cells isolated from monkey bone marrow. Scale bar,
50 μm. g, Western blots showing the absence of the SIRT6 protein and the
alterations in H3K56ac levels in primary mesenchymal stem cells from
SIRT6−/− monkeys. h, Karyotyping analysis of primary mesenchymal
stem cells. i, Metaphase spread and fluorescence in situ hybridization
showing telomeres in primary mesenchymal stem cells from wild-type and
SIRT6−/− monkeys (left). Quantification of the numbers of fluorescence
in situ hybridization-labelled telomeres in each nucleus (right). n ≥ 21
metaphases per monkey. Scale bar, 25 μm. j, The relative telomere lengths
of chromosomes from primary monkey mesenchymal stem cells were
measured by qPCR. n = 6 qRT–PCR repeats for each monkey. k, Western
blots of heterochromatin-related proteins in the cortex, muscle and liver
of the wild-type and SIRT6−/− monkeys. Data are mean ± s.e.m., P values
were determined by two-sided Student’s t-test (a, b) or one-way ANOVA
followed by Holm–Sidak’s multiple comparisons test (i, j). For uncropped
gels, see Supplementary Fig. 1.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | SIRT6 deficiency resulted in a pan-tissue
developmental delay. a, Micro-computed tomography of the hand (left),
distal femoral trabecular (middle) bones and relative bone density (right)
of wild-type and SIRT6−/− newborn, and wild-type 2- and 4-month-old
fetal, monkeys. Arrows point to the missing bone connections in the hands
of the SIRT6−/− monkeys and wild-type fetuses. Scale bars, 2.5 mm. n = 3
monkeys. b, Haematoxylin and eosin staining of the superficial intestinal
epithelia from a wild-type newborn and 4-month-old fetus, and a
SIRT6−/− newborn monkey. Arrows point to regions of immature intestine
epithelium in the tissues of the fetus and the SIRT6−/− monkey. Scale bar,
75 μm. n = 3 images (Vectra automated quantitative pathology imaging
system) per monkey. c, Haematoxylin and eosin staining shows the

absence of subcutaneous fat in a newborn SIRT6−/− monkey and wild-type
4-month-old fetus. In the tissue of the wild-type infant, the subcutaneous
fat is circled with a dashed black line. Scale bar, 100 μm. n = 3 images
(Vectra automated quantitative pathology imaging system) per monkey.
d–f, Haematoxylin and eosin staining of the indicated tissues in newborn
SIRT6−/− monkeys and 2-month-old fetal, 4-month-old fetal and newborn
wild-type monkeys. d, Kidney, n ≥ 80 glomeruli per monkey; e, liver, n ≥ 9
images per monkey; f, lung, n = 9 images per monkey. In the bar graph,
the grey dashed lines represent the average value of the wild-type fetuses.
Scale bar, 100 μm. Data are mean ± s.e.m.; P values were determined by
two-sided Student’s t-test (a), one-way ANOVA followed by Holm–Sidak’s
multiple comparisons test (b–f).
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Extended Data Fig. 5 | SIRT6 deficiency resulted in a delay in brain
development (sagittal sections). a, Representative photographs (left)
and quantification (right) showing the sizes of the brains from wild-type
newborn, wild-type 2-month-old and 4-month-old fetuses, and
SIRT6−/− monkeys. The cerebella are depicted in blue; the temporal and
occipital lobes are depicted in red; and the frontal lobes are depicted in
green. n = 3 monkeys. Scale bar, 0.5 cm. b, Representative photographs
of sagittal sections from the indicated monkey. Scale bar, 0.5 cm.
c, Left, images of immunofluorescence staining for H3K56ac and the
neuronal nuclear antigen (NeuN) in the cortices of newborn wild-type
and SIRT6−/− monkeys. Right, cell density calculation. Numbers on the
images represent percentages of H3K56ac-positive cells in the cortices.
The white dashed lines identify the boundaries of the cerebral cortex.
n = 4 images per monkey. d, Left, images of immunofluorescence staining

for SATB2 and BRN2 in the cortices of the newborn SIRT6−/− and wildtype monkeys. Right, the proportion of SATB2+ cells in the cortical layers
were quantified in brain sections. The white dashed lines identify the
boundaries of the cortical layers. n = 16 images per monkey. e, Images
of immunofluorescence staining for HOPX in SIRT6−/− and wild-type
cortical tissue sections. f, Images of immunostaining (left) for PCP2, a
marker of cerebellar Purkinje neurons, and quantification of the thickness
of the molecular layer of the cerebellum (right). PCP2+ cells were not
detected in the cerebellum of SIRT6−/− monkeys. The white dashed
lines identify the boundaries of the cerebellum. Green lines indicate
the thickness of the molecular layer of the cerebellum. Scale bar, 50 μm
(c–e). n = 6 images per monkey. Data are mean ± s.e.m.; P values were
determined by two-sided Student’s t-test.
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Extended Data Fig. 6 | SIRT6 deficiency resulted in a delay in brain
development (coronal sections). a, Schematic of the brain regions
analysed in our study. b, Representative photographs of coronal sections
from the indicated monkeys. Scale bar, 0.5 cm. c, Haematoxylin and eosin
staining in coronal sections from the brains of the indicated monkeys.
Results shown are representative of three independent experiments.
Scale bar, 0.25 cm. d, Images of immunostaining for the neuronal nuclear
antigen (NeuN) in the cortices of SIRT6−/− and wild-type newborn, and
wild-type 2-month-old and 4-month-old fetal, monkeys. Results shown
are representative of three independent experiments. Scale bar, 150 μm.
e, Left, images of immunostaining for HOPX in SIRT6−/− and wild-type
cortical tissue sections. Right, bar graph showing the diameter of the
HOPX+ cells. The red arrows identify HOPX+ cells. n = 141. Scale bars,
100 μm. f, Left, images of PAX6 immunostaining in the hippocampi
of SIRT6−/− and wild-type newborn monkeys, and wild-type fetuses.
Right, bar graph showing the relative percentages of PAX6+ cells in brain
sections. n = 3 slices per monkey. Scale bar, 100 μm. g, Left, haematoxylin
and eosin staining of the cerebellum from the wild-type and SIRT6−/−

newborn, and wild-type 2-month-old and 4-month-old fetal, monkeys.
Right, the relative thicknesses of the molecular layers. The bottom panels
show higher magnification images of the boxed areas in the corresponding
top panels. Green lines indicate the thickness of the molecular layer of
the cerebellum. Green arrows identify Purkinje neurons. n ≥ 156 images
per genotype. Image was taken at about every 4 Purkinje neurons in wildtype newborn monkeys. Scale bar, 50 μm. h, Images of immunostaining
(left) and quantification of the size (right) of PCP2+ cerebellar Purkinje
neurons. PCP2+ cells were very scarce (only 14 were found) in the tissue(s)
from the SIRT6−/− monkeys, n = 114 PCP2+ cells in wild-type monkeys.
Arrows identify PCP2+ neurons. Scale bar, 50 μm. Red dashed lines
identify the boundaries of the cerebral cortex. Grey dashed lines represent
the average values for the 2-month-old and 4-month-old fetuses. White
box indicates enlarged area. a.u., arbitrary units. Horizontal lines show the
average values for each group (e, g, h). Data are mean ± s.e.m. (f);
P values were determined by two-sided Student’s t-test or one-way
ANOVA followed by Holm–Sidak’s multiple comparisons test.
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Extended Data Fig. 7 | SIRT6 deficiency resulted in a delay in muscle
development. a, Representative images of haematoxylin and eosin staining
in the gastrocnemius and soleus muscles from the indicated monkeys,
and quantification of the fibre diameter (n ≥ 60 fibres). Scale bar, 10 μm.
b, Images (left) and quantification (right) of myosin ATPase staining
at pH 4.4 and 10.6 in cross-sections of the gastrocnemius and soleus
muscle tissue. n = 6 slices per monkey. Scale bar, 20 μm. c, Left, images of
immunofluorescence staining for the slow-twitch marker myosin-slow and
sarcolemma-bound protein dystrophin in the gastrocnemius and soleus

muscle. Scale bar, 50 μm. Right, distributions of the types of muscle fibres
were calculated as a percentage of myosin-slow+ fibres. n = 3 slices per
monkey. d, Electron microscopy images of mitochondrial morphology
showing dense mitochondrial cristae predominantly in infant wild-type
monkeys. Each yellow dashed circle identifies a single mitochondrion.
Grey dashed lines represent the average values for the 2-month-old and
4-month-old fetuses. Scale bar, 100 nm. n = 3 slices per monkey, ≥ 30
mitochondria per slices. Data are mean ± s.e.m.; P values were determined
by one-way ANOVA followed by Holm–Sidak’s multiple comparisons test.
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Extended Data Fig. 8 | SIRT6−/− monkeys exhibit embryonic
transcriptome features. a, Principal component analyses of brain and
muscle tissues from SIRT6+/+ newborn and fetal monkeys and SIRT6−/−
monkeys, based on development-related genes as described in Methods.
n = 2 independent experiments per tissue per monkey. b, Hierarchical
clustering analysis based upon global DNA methylation of brain tissues
from SIRT6+/+ newborn and fetal monkeys and SIRT6−/− monkeys,
as described in Methods. c, An unsupervised t-SNE cluster analysis of
the SIRT6−/− (red) and wild-type (grey) samples. n = 2 independent
experiments per tissue per monkey. d, The Gene Ontology terms for
genes in SIRT6−/− newborn monkeys and wild-type fetuses that were
differentially expressed in the same manner as in the wild-type infants.

e, Venn diagrams showing the overlap among differentially upregulated
and downregulated genes (fold change (SIRT6−/−/SIRT6+/+) > 2 or < 0.5,
false-discovery-rate-adjusted P < 0.05) in brains and muscles of the
SIRT6−/− and wild-type infants, and the 2-month-old and 4-monthold wild-type fetuses and the wild-type infants. n = 2 independent
experiments per tissue per monkey. f, Levels of H19 in muscle and brain
tissues from the wild-type newborn (no. 2 and no. 3) and fetal monkeys
and SIRT6−/− monkeys, as measured by qRT–PCR. For d, e, the average
transcript levels in the tissues from SIRT6+/+ monkeys no. 2 and no. 3
were normalized to 1, and the relative expression level of each gene was
coloured as shown in the bottom panel.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Deacetylation of H3K56 by SIRT6 regulates H19
expression. a, Schematic showing the method used to generate SIRT6+/+
and SIRT6−/− NPCs, which were differentiated into post-mitotic
neurons. b, Images of immunofluorescence staining of SIRT6+/+ and
SIRT6−/− NPCs. Scale bar, 20 μm. c, Karyotyping analysis of NPCs.
d, Measurements of the percentages of early passage NPCs at each cell cycle
stage, n = 3 wells per condition. e, Western blots of the indicated proteins
in the SIRT6+/+ and SIRT6−/− NPCs and in their neuronal differentiation
products (neuronal dif.). f, Immunofluorescence staining for H3K56ac
levels in SIRT6+/+ and SIRT6−/− neuronal differentiation products.
Scale bar, 50 μm. g, Western blots showing H3K56ac levels in protein
extracts from the cortices and muscle from the infant and 2-month-old
and 4-month-old fetal SIRT6+/+ monkeys, and from SIRT6−/− newborn
monkeys. h, ChIP–qPCR showing the enrichment of CTCF at the
imprinting control region of H19 in the genomes of differentiated
neuronal cells. n = 5 wells per condition. i, qPCR assessment of the H19

levels in neuronal derivatives transduced with the indicated lentiviral
vector. n = 4 wells per condition. j, Images of immunofluorescence
staining (left) and statistical analyses (right, bar graph) of the neuronal
cells that overexpress H3(K56Q). n = 3 wells per condition. Scale bar,
50 μm. k, Western blots of levels of H3K56ac in protein extracts from
SIRT6−/− NPCs that overexpress luciferase (control), inactive SIRT6
(SIRT6-HY) and wild-type SIRT6. l, Images of immunostaining for MAP2
and TuJ1 in the neuronal derivatives of wild-type NPCs that overexpress
H19 (see Fig. 4e). Scale bar, 50 μm. m, Images of immunofluorescence
staining (left) and statistical analyses (right, bar graph) of the neuronal
cells with H19 shRNA vector (n = 4 wells per condition). Scale bar,
50 μm. Data are mean ± s.e.m., P values were determined by two-sided
Student’s t-test (i, j and m) or one unpaired t-test followed by multiple
comparisons using the Holm–Sidak method (d, i). For uncropped gels, see
Supplementary Fig. 1.
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Extended Data Fig. 10 | A model of the mechanism by which SIRT6
regulates prenatal development in monkeys. Top, SIRT6-null monkeys
die soon after birth and exhibit retarded development that resembles that
of 2- to 4-month-old fetuses. Notably, SIRT6 deficiency delays neuronal
development, which was recapitulated in an in vitro study examining the
differentiation of wild-type and SIRT6−/− human NPCs. Bottom, during

neuronal differentiation SIRT6 is recruited to the imprinting control
region of H19, where it deacetylates H3K56ac and thereby prevents CTCFmediated transcription of the developmental repressor long non-coding
RNA H19. SIRT6 depletion promotes the expression of H19 and arrests
neuronal differentiation.

© 2018 Springer Nature Limited. All rights reserved.

