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Altered neurogenesis and disrupted expression of 
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Dear Editor,

Despite substantial progress made toward under-
standing the molecular changes contributing to autism 
spectrum disorders (ASD), the neuropathophysiology 
underlying ASD remains poorly understood [1, 2]. Struc-
tural brain imaging in humans is valuable, but lacks res-
olution at the cellular level. Studies of neuropathology in 
humans have been hampered by the lack of high quality 
postmortem brains from individuals with ASD [2]. For 
more than decades, mutant mice have served as major 
tools to dissect the pathophysiology of ASD because of 
the wealth of molecular and neurobiological techniques 
developed for studies with rodents. Our knowledge of 
molecular and cellular mechanisms for ASD is mostly 
limited to what we have learned from genetically mod-
ified mice. However, there are significant evolutionary 
differences in brain structure and behavior between ro-
dents and humans. For example, social behaviors and 
the organization of cerebral cortex differ significantly 
between primates and rodents. The cerebral neocortex 
comprises ~80% of the human brain and ~72% of the 
macaque brain, but only ~28% of the rat brain. Prefron-
tal cortex (PFC), a critical region for high order cogni-
tive and social functions, is under-developed in rodents 
compared with primates. The unique behavioral features 
in human ASD have posed significant challenges to as-
sess the translational value of many findings from ASD 
mouse models. The apparent evolutionary differences in 
brain structures and behaviors between mouse and hu-
man highlight the need of alternative animal models such 
as non-human primate models for ASD [3]. The value of 
a primate model to study ASD has been supported by the 
generation and characterization of monkeys with altered 
expressions of MECP2 using the lentivirus- and TALEN-
based method [4, 5].

Mutations in human SHANK3 remain one of the 
best-replicated and well-characterized genetic defects in 
ASD. Various types of mutations in SHANK3 have been 

found in ~1% of individuals with ASD [6]. SHANK3 
protein is one of the three-member family proteins 
(SHANK1-3) known to function as postsynaptic scaf-
folding proteins in excitatory synapses. So far, a total 
of 14 independent lines of Shank3-mutant mice have 
been reported, but none of these studies focused on the 
neuropathology in the prenatal brain [6, 7]. These mu-
tant mice display a spectrum of behavioral phenotypes. 
However, interpretation of the behavioral phenotypes in 
rodent models relevant to the SHANK3-related disorders 
remains a challenge. For these reasons, SHANK3 repre-
sented a unique opportunity to test the feasibility of gen-
erating an ASD model in non-human primates. 

We used the Cas9/sgRNA method to disrupt SHANK3 
gene in cynomolgus monkeys (Macaca fascicularis) fol-
lowing previous protocols [8, 9]. SHANK3 has an array 
of mRNA isoforms due to multiple promoters and exten-
sive alternative splicing of coding exons in both human 
and rodent, and this pattern is expected to be conserved 
in non-human primates [5, 10]. We therefore simultane-
ously targeted two sites (exons 6 and 12) of SHANK3 to 
induce a large deletion (Figure 1A and Supplementary 
information, Figure S1A) that could completely disrupt 
all SHANK3 isoforms. We selected sgRNAs that showed 
high targeting efficiency for injection into monkey em-
bryos.

We obtained 3 pregnancies after transferring 116 
injected embryos to 37 surrogate mothers (Figure 1B). 
The pregnancy rate of 8.1% (3/37) was significantly 
lower than that of other targeted genes (34.5%) per-
formed in the same center under the same experimental 
conditions (Li X et al., unpublished data). The reason 
for the low pregnancy rate is currently unknown, but 
suggests that SHANK3 expression might be important 
for early development in primates. Of three monkey 
offsprings, one miscarried close to the term gestation 
(125 days) (SHANK3M1), one was lost due to a difficult 
labor (SHANK3M2), and one is still alive (SHANK3M3) 
(Supplementary information, Figure S1B). There are 
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no apparent developmental defects in SHANK3M1 and 
SHANK3M2 fetuses to explain their death. The brain and 
other somatic tissues of SHANK3M1 and SHANK3M2, and 
selected somatic tissues of SHANK3M3 were analyzed for 
targeted mutations at sites 1 and 2. All three offsprings 
were positive for mutations at site 2 of exon 12 (−22 and 
−8 bp in SHANK3M1, −5 and +1 bp in SHANK3M2, and 
−2 bp in SHANK3M3; Supplementary information, Figure 
S1C-S1F). A large deletion was detected in different tis-
sues of SHANK3M1 with a pair of primers spanning sites 
1 and 2, as evidenced by a positive band around 500 bp 
(Supplementary information, Figure S1C). Sequencing 
of this band confirmed an 11 456 bp deletion between the 
two targeting sites (Supplementary information, Figure 
S1E). The small indels in different mutant animals were 
confirmed by deep amplicon sequencing (Supplementa-
ry information, Figure S1F). However, deep amplicon 
sequencing was unable to detect the large 11 456 bp de-
letion. Using the semi-quantitative PCR analysis of ge-
nomic DNA, we estimated that ~70% of the alleles carry 
the large deletion in SHANK3M1, which is predicted to 
disrupt the expression of most SHANK3 isoforms based 
on the transcript pattern of SHANK3 in human and rodent 
[6, 10]. Off-target analysis did not reveal any additional 
mutations (Supplementary information, Figure S1G).

The brain tissues from SHANK3M1 and SHANK3M2 
provided a unique opportunity to investigate SHANK3 
mutation-associated neuropathology. Shank3 displays a 
temporal- and spatial-specific expression for its isoforms 
in mouse brain with peak expression in striatum of post-
natal day 14 (P14) brain (Supplementary information, 
Figure S2). In contrast, we found that SHANK3 showed 
the highest level of expression in the PFC of monkey at 
birth (P0), a developmental time point that corresponds 
to P14 in mice (Figure 1C). The distinct expression 
patterns of SHANK3 in mouse and monkey brains may 
reflect the evolutionary differences between the two spe-
cies. 	

Figure 1 Generation and phenotypic analysis of SHANK3-mutant cynomolgus monkeys. (A) Schematic diagram of Macaca fas-
cicularis SHANK3 gene, protein domains, Cas9/sgRNA targeting sites in exons 6 and 12, and confirmed mutations of SHANK3 in 
SHANK3M1-M3 animals. The gene structure of monkey SHANK3 was deduced from the mRNA of XM_015456961 and a genomic 
contig of NC_022281 for SHANK3. (B) Summary of embryo transplantation and surrogacy in cynomolgus monkeys. (C) Brain re-
gion-specific expression profile of SHANK3 protein in wild-type P0 monkey. SHANK3 displays isoform-specific expression in different 
brain regions and is expressed at the highest level in PFC. (D) Western blot analysis of SHANK3 protein in the PFC and striatum 
of SHANK3-mutant monkeys. Ctl1 and Ctl2 are age-matched controls at gestational day 135 and full-term gestation, respectively. 
(E) Altered expressions of postsynaptic receptors and scaffold proteins in SHANK3M1 brain. Normal expressions of GluN1, GluA2, 
Homer1b/c, and pan-Homer but decreased expressions of GluN2B, mGluR5, and PSD95 were observed in the PFC of SHANK3M1. 
(F) Western blot analysis of NeuN, GFAP, and DCX in whole-cell lysates from PFC. SHANK3M1 showed decreased levels of NeuN 
and DCX but increased level of GFAP in the PFC. Western blot analysis was repeated at least three times independently. (G) NeuN 
and GFAP staining (brown) in layers I-VI of PFC. NeuN staining showed a strong signal in the nucleus and a weak signal in the 
cytosol. Nuclei were stained with hematoxylin (blue). There were fewer NeuN+ neurons and more GFAP+ astrocytes in the PFC of 
SHANK3M1. Scale bar, 100 μm. (H) Percentages of NeuN+ neurons and GFAP+ astrocytes in each layers of PFC. n = 6, *P < 0.05, 
**P < 0.01, and ***P < 0.001 by Student’s t-test.

We performed western blot analysis using whole-cell 
lysates isolated from different brain regions of mutants 
and age-matched controls (Ctl1 for SHANK3M1 and Ctl2 
for SHANK3M2) using an antibody against the C-terminus 
of mouse Shank3 that is predicted to detect most, if not 
all, SHANK3 isoforms of primates (Figure 1D) [11]. 
Compared to the control, no SHANK3 protein isoforms 
were detected in the cortex of SHANK3M1 animal, indi-
cating a complete loss of SHANK3 resulting from the 
11 kb, 22 and 8 bp deletions in the PFC (Figure 1D). In 
contrast, an isoform-specific deficiency of SHANK3 was 
revealed in the striatum of SHANK3M1 animal, in which 
the full-length isoform was absent but a short isoform 
was still present. In the SHANK3M2 brain, the full-length 
SHANK3 was decreased to a greater extent than the short 
isoform in the striatum. Interestingly, the majority of 
isoforms were not decreased but mildly increased in the 
cortex presumably by a compensatory mechanism. These 
findings are generally consistent with the mosaic nature 
of CRISPR/Cas9-mediated gene editing, which accounts 
for the various extents of disruption of the targeted gene 
in different brain regions. However, the isoform-specific 
expression of SHANK3 in different brain regions should 
also be considered. 

Given the alteration of SHANK3-interacting proteins 
in Shank3-deficient mice [6, 7], we selected several syn-
aptic proteins for western blot analysis in SHANK3-de-
ficient monkey brain (Figure 1E, Supplementary infor-
mation, Figure S3A and S3B). We found no apparent 
difference in the levels of GluN1, GluA2, Homer1b/c, 
and pan-Homer in the PFC between SHANK3M1 and con-
trol. However, a significant decrease was revealed for 
mGluR5 (54.7% ± 10.6% of ctl1, n = 5, mean ± SEM), 
GluN2B (18% ± 6.8%, n = 3), and PSD95 (15.5% ± 2.6%, 
n = 6) in the PFC of SHANK3M1 compared to the control. 
In striatal neurons of Shank3-deficient mice, Homer1b/c 
abnormally accumulates in the cytoplasm despite no signif-
icant increase in overall proteins [11]. Consistently, more 
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cytoplasmic staining of Homer1b/c was also observed 
in PFC neurons of SHANK3M1 animal compared with its 
control (Supplementary information, Figure S4A and 
S4B). We further co-stained SHANK3 and PSD95, and 
found apparent reductions in the staining intensity of the 
two proteins in the PFC of SHANK3M1 (Supplementary 
information, Figure S5A), consistent with the western 
blot results (Figure 1D and 1E). The loss of SHANK3 
and alterations in its interacting proteins in SHANK3M1 
brain verify the findings from other species [11, 12].

The abundant expression of SHANK3 in the con-
trol but a complete loss of SHANK3 in the PFC of the 
SHANK3M1 animal led us to focus on the pathological 
outcome in this brain region. Immunohistochemical anal-
ysis revealed that the structure of cortical layers is com-
parable between SHANK3M1 and its control. While the 
cell density of cortical layers did not differ between con-
trol and mutant PFCs, the cell bodies of SHANK3M1 were 
smaller (Figure 1G). Strikingly, we found significantly 
fewer NeuN+ neurons in the PFC of SHANK3M1 (72.2% 
± 1.2% NeuN+ cells/total cell counts for Ctl1 and 22.7% 
± 5% for SHANK3M1; Figure 1G and 1H) with reduced 
soma size (48.0 ± 10.2 μm2 NeuN+ cell for Ctl1 and 22.7 
± 4.8 μm2 for SHANK3M1, n = 6 slices). On the contrary, 
there were significantly more GFAP+ astrocytes in the 
PFC of SHANK3M1 animal compared to the control (Fig-
ure 1G and 1H) based on quantitative analysis of DAB 
staining results. Double immunofluorescent staining con-
firmed fewer NeuN+ cells in the PFC and the increased 
GFAP-labeling in the PFC and striatum of SHANK3M1 
brain (Supplementary information, Figure S4C and S4D). 
The histological studies of SHANK3M2 did not reveal 
any apparent abnormalities in the PFC (Supplementary 
information, Figure S5B), consistent with the finding of 
no apparent loss of SHANK3 in SHANK3M2 brain. The 
fewer NeuN+ neurons and more GFAP+ astrocytes in 
the PFC of SHANK3M1 were further supported by western 
blot analysis (Figure 1F). Specifically, the NeuN protein 
was markedly reduced (25% ± 8.7%, n = 5), whereas the 
GFAP protein was significantly increased (357% ± 144%, 
n = 5) in SHANK3M1 PFC compared to control (Supple-
mentary information, Figure S3C). Western blot analysis 
also showed a decreased level of Doublecortin (DCX; 
65% ± 3.7%, n = 3), a marker of progenitor neurons, in 
the PFC, but a normal level in the striatum of SHANK3M1 
brain (Figure 1F and Supplementary information, Figure 
S3C). These results together suggest a brain region-spe-
cific neurogenesis defect in SHANK3M1 mutants.

Given the altered synaptic receptors and PSD proteins 
in SHANK3M1 brain, we used Golgi impregnation method 
to examine dendritic spines in the PFC of SHANK3M1 
and SHANK3M2 brains and observed a significant de-

crease in dendritic spine density of the SHANK3M1 but 
not SHANK3M2 mutants compared to control, whereas 
the length from the tip to the base of a spine was not 
significantly altered in both mutant animals (Supplemen-
tary information, Figure S6). These results are consistent 
with previous reports in Shank3-mutant mice or neurons 
derived from SHANK3-deficient patients documenting a 
reduced spine density [11, 12]. 

In summary, we successfully introduced various types 
of deleterious mutations in SHANK3 for the first time 
in cynomolgus monkeys by the CRISPR/Cas9 genome 
editing method. SHANK3-deficient fetus showed a sig-
nificant loss of NeuN+ neuronal cells accompanied with 
an increase of GFAP+ astrocytes, which has not been 
found in any line of Shank3-knockout mice, demonstrat-
ing a unique and critical role of SHANK3 in early brain 
development in primates. SHANK3 has been known as 
a scaffolding protein in synapses. However, our findings 
suggested an important role of SHANK3 in early devel-
oping brains in non-human primate. The mechanism by 
which SHANK3 regulates neurogenesis, in addition to 
the conventional synaptic function, in the prenatal brain 
remains to be elucidated. Our findings from SHANK3-de-
ficient monkey predict that similar but milder changes 
may underlie the pathophysiology of human individuals 
with SHANK3 haploinsufficiency. The defects in early 
brain development and the reduced size of neuron soma 
are reminiscent of the neuronal defects in MeCP2 and 
PTEN ASD mouse models [1]. The pattern of molecular 
changes resulting from the SHANK3 deficiency is overall 
conserved between mouse and monkey brains, but the 
pathological changes are more prominent in SHANK3-de-
ficient monkey. While these findings support the value of 
mouse models, they also underscore the importance of 
using non-human primates to model SHANK3 and other 
gene mutations causing ASD.

Materials and Methods are available in Supplementary 
information, Data S1, Tables S1 and S2.
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